Searches for anisotropies due to Earth's motion relative to a preferred frame -modern versions of the Michelson-Morley experiment -provide precise verifications of special relativity. We describe other tests, independent of this motion, that are or can become even more sensitive. The existence of high-energy cosmic rays places strong constraints on Lorentz non-invariance. Furthermore, if the maximum attainable speed of a particle depends on its identity, then neutrinos, even if massless, may exhibit flavor oscillations.
Is the special theory of relativity, for reasons unspecified and unknown, only an approximate symmetry of nature? To investigate possible violations of Lorentz symmetry, we follow earlier analyses [1] by assuming the laws of physics to be invariant under rotations and translations in a preferred reference frame. This frame is often taken to be the 'rest frame of the universe' wherein the cosmic microwave background is isotropic. To parameterize departures from Lorentz invariance, standard practice has been to modify Maxwell's equations while leaving other physical laws intact.
Our approach is different. We examine the effects of Lorentz non-invariant pertubations appearing anywhere in the effective Lagrangian describing elementary-particle physics. We begin with the conventional Lagrangian L of the standard model of particle physics. Tiny Lorentz non-invariant terms are introduced that are invariant under rotations and translations in the preferred frame. Here we examine several immediate phenomenological implications of this procedure. A more complete analysis [2] examines the effects of all such terms with dimension no greater than four. (Higher dimension operators would be expected to be even less important.)
To make contact with previous results, we assume for the nonce that the only Lorentz non-invariant term in L is proportional to the square of the magnetic field strength. In the preferred frame, the speed of light c will differ from the maximum attainable speed of a material body (here taken to be unity). The small parameter 1−c completely characterizes this departure from special relativity. In other frames, the speed of light depends on the magnitude and direction of the motion relative to the preferred frame. The loss of rotational invariance produces other potentially observable anisotropies, searches for which have led to experimental constraints on 1 − c.
A laser-interferometric Michelson-Morley experiment [3] found |1 − c| < 10 −9 . Atomic physicists obtained stronger constraints using techniques pioneered by Hughes and Drever [4] . Prestage et al. [5] found < 10 −18 and Lamoreaux et al. [6] set the current limit on the velocity difference,
These experiments rely on Earth's motion relative to a preferred frame. The stated limits depend on taking the rest frame of the universe as the preferred frame. We find additional constraints on 1 − c that are comparable in sensitivity to (1) but independent of the identity of the preferred frame. They follow from the mere existence of high-energy cosmic rays. Suppose 1 − c < 0. For this case, the photon 4-momentum is timelike and a sufficiently energetic photon can and will decay rapidly into an electronpositron pair. The threshold for γ → e + + e − is E 0 = 2m/ √ c 2 − 1, with m the electron mass. The decay rate in the preferred frame is:
A photon well above threshold decays rapidly with lifetime ∼ {αE(c − 1)} −1 . Thus, no cosmic-ray photon with E > E 0 can reach Earth. Because photons with confirmed energies up to E ≃ 2 × 10 13 eV are seen [7] , we obtain the bound:
which is weaker than (1), but arises, so to speak, for free.
If 1 − c > 0, a superluminal charged particle loses energy via vacuumČerenkov
The rate of energy loss in the preferred frame is:
A proton well above threshold loses energy rapidly. Thus, no cosmic-ray proton with E > E ′ 0 can reach Earth. Because protons with confirmed energies up to E ≃ 10 20 eV are seen [8] , we obtain the bound:
which is considerably more restrictive than (1).
Let us turn to the general case. Of the many conceivable rotationally invariant but Lorentz non-invariant additions to the Lagrangian, some are TCP even, the others odd.
Aside from B 2 , the only term that affects the propagation of light is the TCP odd expression A · B/L, with A the vector potential, B the magnetic field, and L a large length.
This term is not gauge invariant, but makes a gauge-invariant contribution to the action.
It generates a velocity difference between right and left circularly polarized photons: Thus, we examine only those violations of Lorentz invariance that conserve TCP.
Tiny Lorentz non-invariant (but TCP conserving) additions to the matter portion of the Lagrangian affect the free propagation of a particle in a fashion depending on its identity and helicity [2] . In particular, neutrinos may differ in their maximum attainable velocity. Massless neutrinos cannot oscillate if special relativity is unbroken. However, 
A newly-born muon neutrino with definite momentum propagates as a linear combination of states with slightly different energy: E 1 −E 2 ≃ δv E, where δv = v 1 −v 2 . The probability for it to be an electron neutrino after traversing a distance R is:
The energy dependence of these 'velocity oscillations' differs from that of conventional 'mass oscillations,' for which
Experiments constraining the mass-oscillation parameters δm 2 and θ m must be reanalyzed to yield constraints on the velocity-oscillation parameters δv and θ v . For the case of ν µ → ν e with maximal mixing, a cursory examination of the data yields the tentative estimate:
a result comparable to the analogous atomic-physics limit (1) . Neutrino experiments at existing accelerators, with longer baselines and higher energies, can search for velocity differences among neutrinos hundreds of times smaller than the current upper bound. For a two-state system, the probability for identity change is given [2] by:
where both mixing angle Θ and phase factor ∆ depend on E (as well as δm 2 , δv, cos θ m , cos θ v , and one additional parameter φ):
∆ sin 2Θ = δm 2 sin 2θ m + 2E 2 δv sin 2θ v , ∆ cos 2Θ = δm 2 cos 2θ m + 2e iφ E 2 δv cos 2θ v .
Eq.(10) reduces to mass mixing (7) for small E, and to velocity mixing (8) for large E. If all three neutrinos are both mass and velocity mixed, the analysis is much more complicated and neutrino experimenters would be presented with an intricate challenge.
Searches failing to detect neutrino velocity oscillations can provide new and more sensitive tests of special relativity. Successful searches would reveal a surprising connection between cosmology (which has a preferred reference frame) and particle physics (which ordinarily does not).
